* to whom correspondence should be addressed E-mail: m.negrello@open.ac.uk Gravitational lensing is a powerful astrophysical and cosmological probe and is particularly valuable at submillimeter wavelengths for the study of the statistical and individual properties of dusty starforming galaxies. However the identification of gravitational lenses is often time-intensive, involving the sifting of large volumes of imaging or spectroscopic data to find few candidates.
We used early data from the Herschel Astrophysical Terahertz Large Area
Survey to demonstrate that wide-area submillimeter surveys can simply and easily detect strong gravitational lensing events, with close to 100% efficiency.
When the light from a distant galaxy is deflected by a foreground mass − commonly a massive elliptical galaxy or galaxy cluster or group − its angular size and brightness are increased, and multiple images of the same source may form. This phenomenon is commonly known as gravitational lensing (1) and can be exploited in the study of high-redshift galaxy structures down to scales difficult (if not impossible) to probe with the largest telescopes at present (2) (3) (4) and to detect intrinsically faint objects. Surveys conducted at submillimeter wavelengths can particularly benefit from gravitational lensing because submillimeter telescopes have limited spatial resolution and consequently high source confusion, which makes it difficult to directly probe the populations responsible for the bulk of background submillimeter emission (5, 6) . In addition, galaxies detected in blank-field submillimeter surveys generally suffer severe dust obscuration and are therefore challenging to detect and study at optical and near infra-red (NIR) wavelengths. By alleviating the photon starvation, gravitational lensing facilitates follow-up observations of galaxies obscured by dust and in particular the determination of their redshift (7) .
Previous submillimeter searches for highly magnified background galaxies have predominantly targeted galaxy cluster fields (8) . In fact, a blind search for submillimeter lensing events re-quires large area because of their rarity, and sub-arcseconds angular resolutions to reveal multiple images of the same background galaxies. Although the first requirement has recently been fulfilled, thanks to the advent of the South Pole Telescope (SPT) (9) and the Herschel Space Observatory (Herschel) (10) , the second is still the prerogative of ground-based interferometric facilities, such as the Submillimeter Array (SMA) and the IRAM Plateau de Bure Interferometer (PdBI), which because of their small instantaneous field of view are aimed at follow-up observations rather than large-area survey campaigns. Nevertheless, several authors (11) (12) (13) (14) have suggested that a simple selection in flux density, rather than surveys for multiply-imaged sources, can be used to easily and efficiently select samples of strongly gravitationally-lensed galaxies in wide-area submillimeter and millimeter surveys. The explanation for this lies in the steepness of the number counts (the number of galaxies at a given brightness) of dust-obscured star-forming galaxies, which are usually referred to as submillimeter galaxies (SMGs) (15) . Because of that, even a small number of highly-magnified SMGs can substantially affect the shape of the bright end of the submillimeter source counts enhancing the number of SMGs seen at bright flux densities than would be expected on the basis of our knowledge of the un-lensed SMG population (Fig.1) . Furthermore, the frequency of lensing events is relatively high in the submillimeter (11) because SMGs are typically at high redshift (z >∼ 1) (16) , and this increases the probability that a SMG is in alignment with, and therefore lensed by, a foreground galaxy. Other important contributors to the bright tail of the submillimeter counts are low-redshift (z ≤ 0.1) spiral and starburst galaxies (17) and higher redshift radio-bright Active Galactic Nuclei (AGNs) (18) ; however both of these are easily identified, and therefore removed, in relatively shallow optical and radio surveys. Therefore, flux-density limited submillimeter surveys could provide a sample of lens candidates from which contaminants can be readily removed, leaving a high fraction (close to 100 %) of gravitational lens systems (Fig. 1 ).
Because this selection of lens candidates relies only on the properties of the background source (its flux density), it can probe a wide range of lens properties (such as redshifts and masses) and thus provide a valuable sample for studying the elliptical properties of lensing galaxies (19) as well as investigating the detailed properties of the lensed SMGs.
The submillimeter lens candidate selection at work. Although the approach presented above may be more efficient and vastly more time-effective than those exploited so far in the radio (20) or the optical (21, 22) , at least several tens of square degrees (deg 2 ) of the sky must be observed in the submillimeter to produce a statistically significant sample of strongly lensed objects and a minimal contamination from unlensed galaxies. This is because the surface density of lensed submillimeter galaxies is predicted to be lower than ∼0.5 deg −2 , for flux densities above 100 mJy at 500 µm (Fig. 1) . Submillimeter surveys conducted before the advent of Herschel were either limited to small areas of the sky (15, 23) , or were severely affected by source confusion due to poor spatial resolution (24) . Therefore no previous test of this selection method has been performed, although the SPT has recently mapped an area of more than 80 deg 2 at millimetre wavelengths (9) and found an "excess" of sources that could be accounted for by a population of gravitationally-lensed objects.
The Herschel Astrophysical Terahertz Large Area Survey (H-ATLAS) (25) represents the largestarea submillimeter survey being currently undertaken by Herschel. H-ATLAS uses the Spectral and Photometric Imaging REceiver (SPIRE) (26, 27) and the Photodetector Array Camera and Spectrometer (PACS) (28, 29) instruments and, when completed, will cover ∼550 deg 2 of the sky from 100 to 500 µm. H-ATLAS has been designed to observe areas of the sky with previously existing multi-wavelength data: Galaxy Evolution Explorer (GALEX) ultra violet (UV) (31) with a significance > 5 σ, in at least one SPIRE waveband, where the noise, σ, includes both instrumental and source confusion noise and corresponds to ∼7 to 9 mJy/beam.
The Herschel/SPIRE 500 µm channel is favourable for selecting lens candidates, because the submillimeter source counts steepen at longer wavelengths (24, 32) . We used theoretical predictions (14) to calculate the optimal limiting flux density, above which it is straightforward to remove contaminants from the parent sample and maximize the number of strongly lensed high-redshift galaxies. The surface-density of un-lensed SMGs is predicted to reach zero by S 500 ∼ 100 mJy (14) and these objects are only detectable above this threshold if gravitationally lensed by a foreground galaxy (Fig. 1) . The H-ATLAS SDP catalog contains 11 sources with 500 µm flux density above 100 mJy. Ancillary data in the field revealed that six of these objects are contaminants; four are spiral galaxies with spectroscopic redshifts in the range of 0.01 to 0.05 [see (33) for a detailed analysis of one of these sources], one is an extended Galactic star forming region, and one is a previously known radio−bright AGN (34) . Although the number of these sources are few at bright flux densities, the measured surface densities are consistent with expectations ( Fig. 1) (17, 18) . Exclusion of these contaminants left the five objects that form our sample of lens candidates (table S1) (35) , identified as ID9, ID11, ID17, ID81 and
ID130.
Unveiling the nature of the lens candidates. For gravitational lensing systems selected at submillimeter wavelengths, we would expect the lensing galaxy to be seen in optical and/or NIR images, in which the emission from the lens dominates over the higher redshift background SMG. In line with these expectations, all of the lens candidates have a close counterpart in SDSS or UKIDSS images (or both). A likelihood ratio analysis (36) showed that the probability of a random association between these bright submillimeter sources and the close optical/NIR counterparts is less than a few per cent. Therefore the optical and submillimeter emissions must be physically related, either because they occur within the same object or because of the effects Table 1 ). The lensed SMG photometric redshifts have been confirmed and made more precise through the spectroscopic detection, in these objects, of carbon monoxide (CO) rotational line emission which are tracers of molecular gas assocatiated to star forming environments. Until recently, these kind of detections were difficult to achieve without prior knowledge of the source redshift, which required extensive optical/NIR/radio follow-up observations. Because of the development of wide-bandwidth radio spectrometers capable of detecting CO lines over a wide range of redshifts, it is now possible for blind redshift measurements of SMGs to be taken without relying on optical or NIR spectroscopy (39, 40) . Table 1 ). The Z-Spec CO measurements for ID17 are indicative of two redshifts; one, z = 0.942, that is in agreement with the optical redshift and a higher one, z = 2.31, which is indicative of a more distant galaxy.
To determine the morphological type of the foreground galaxies we obtained high resolution optical images for all five objects with the Keck telescope at g-and i-bands (35) . ID9, ID11, ID81 and ID130 all have optical profiles that are consistent with elliptical galaxies (figs S5 and S6 and table S4) (35) . The interpretation of the results for ID17 is complicated by the presence of two partially superimposed galaxies in the optical images ( fig. S7 ) (35) , neither exhibiting the disturbed morphology expected for lensed objects. This indicates that ID17 may be a gravitational lens system with two foreground lensing masses at similar redshifts (z ∼ 0.8 to 0.9)
− possibly a merging system − with some molecular gas responsible for the CO emission detected by Z-Spec at z ∼ 0.9 and confirmed with optical spectroscopy (table 1) . A fit to the UV/optical/NIR SEDs of ID9, ID11, ID81 and ID130 (47), using the models of (48), gives stellar masses in the range of 4 × 10 10 to 15 × M ⊙ (Table 2) and almost negligible present-day star formation, which is consistent with elliptical galaxies ( fig. 2 ).
For all five lens systems the background source appears to be undetected in the Keck g-and i-band images, despite the flux magnification due to lensing. After subtracting the best fit light profile from each lens we found no structure that could be associated with the background source in the residual images (figs S5 and S6) (35) . We derived 3-σ upper limits from the residual maps (table S4 ) (35) and corresponding NIR limits from the UKIDSS images. These upper limits were used to fit the SEDs of the background sources assuming the models of (48) severe dust obscuration in these galaxies along the line-of-sight. Our results indicate that these submillimeter bright gravitationally lensed galaxies would have been entirely missed by standard optical methods of selection.
We obtained observations at the SMA for ID81 and ID130 at 880 µm, with the aim of detecting the lensed morphology of the background galaxy (35) . The SMA images reveal extended submillimeter emission distributed around the cores of the foreground elliptical galaxies, with multiple peaks (four main peaks in ID81 and two in ID130), which is consistent with a lensing interpretation of these structures (Fig. 3 ). The position of these peaks can be used to directly constrain the Einstein radius − the radius of the circular region on the sky (the Einstein ring)
into which an extended source would be lensed if a foreground galaxy were exactly along the line of sight of the observer to the source (for a perfectly circular lens). The Einstein radius is a measure of the projected mass of the lens, so it can be used to derive the total (dark plus luminous) mass of the galaxy within the Einstein radius (table 2) (35) . Another measure of the total mass of a lens is the line-of-sight stellar velocity dispersion, σ v . We have estimated σ v from the local Faber−Jackson (FJ) relation (51) between σ v and the rest-frame B-band luminosity for elliptical galaxies. Assuming passive stellar evolution for the lens galaxies, which is appropriate for elliptical galaxies, we have extrapolated their rest-frame K-band luminosity to z = 0
[using the evolutionary tracks of (52)], and then converted this to B-band luminosity using the B -K = 4.43 color relation from (53). The result was then applied to the FJ relation from (54).
Given a mass model for the lens (35), we can predict the Einstein radius of the galaxy from the value of σ v expected from the FJ relation and compare it with that directly measured from the SMA images (Table 2) . Although the value of the Einstein radius derived from the line-of-sight stellar velocity dispersion is affected by large uncertainties (as a result of the scatter in the FJ relation) it is consistent with the value measured in the SMA images for both ID81 and ID130.
In order to test whether the properties of the lensing galaxies in our sample are consistent with those of other known lens ellipticals at similar redshift, we compared the V-band mass-to-light ratio of the lens galaxy for ID81 and ID130 (Table 2 ) (35) Fig. 4 indicates that our selection method can probe lower masses and lower luminosity lens galaxies than those sampled by SLACS, thus offering a wider range in lens properties to be investigated.
The best fit SED to the submillimeter/millimeter photometry for each of the five background sources give infrared luminosities L IR ≥∼3×10 13 L ⊙ (Table 2) , which would classify these objects as Hyper Luminous Infra-Red galaxies (HLIRGs; L IR ≥10 13 L ⊙ ). However, a correction for magnification because of lensing will reduce these values by a factor of 10 or greater. For example, assuming that the light distribution of the background source is described by a Gaussian profile with a full width at half maximum (FWHM) of 0.2 arcseconds [which is consistent with the physical extension of the background galaxy in (4)], the best-fit lens model ( fig. S9 ) (35) predicts a total amplifications of ∼19 and ∼6 for ID81 and ID130, respectively. Typical amplifications of 8 to 10 are also suggested by (14) , therefore, it is more likely that these sources are ULIRGs.
These results already provide constraints for models of the formation and evolution of massive galaxies at high redshift. The fact that many (if not all) of the brightest SMGs detected in the H-ATLAS SDP field are amplified by lensing, implies that un-lensed z > 1 star-forming galaxies with flux densities more than 100 mJy at 500 µm are rare, with ≤ 4.6 of them per 14.4 deg −2 ,
at 99% probability (assuming Poisson statistics). This translates into a 0.32 deg −2 upper limit on the surface density of these sources. The same limit should translate to the abundance of HLIRGs with L IR >5×10 13 L ⊙ at z < 4, because they would also have 500-µm flux densities above 100 mJy, which has possible implications for the role of feedback during the formation of the most massive galaxies in the universe. By extrapolating our SDP findings to the full H-ATLAS field, we predict a total sample of more than 100 bright lensed sources, with which we can further improve this constraint. We are most fortunate to have the opportunity to conduct observations from this mountain . (Fig. 2) ; and visual extinction parameter (A V ) inferred for the background galaxy. All the quoted errors correspond to a 68 per cent confidence interval. For ID17 only the infrared luminosity and the extinction parameter of the background source are quoted because the lensing mass probably consists of two galaxies that can only be disentangled in the Keck images. The symbols M ⊙ and L ⊙ denote the total mass and the total luminosity of the Sun, respectively, and correspond to M ⊙ = 1.99 × 10 30 kg and L ⊙ = 3.839 × 10 33 erg s −1 . Dashes indicate lack of constraints. Figure 1 : Selection of gravitational lenses at submillimeter wavelengths. The 500 µm source counts consist of three different populations (14) : high-redshift SMGs; lower redshift late type (starburst plus normal spiral) galaxies; and radio sources powered by active galactic nuclei. Strongly lensed SMGs dominate over unlensed SMGs at very bright fluxes where the count of un-lensed SMGs falls off dramatically (yellow shaded region). The data points are from H-ATLAS (32). The photometric data were fitted using SED models from (48). The background source, responsible for the submillimeter emission, is a heavily dust obscured star-forming galaxy (red solid curve), whereas the lens galaxy, which is responsible for the UV/optical and NIR part of the spectrum, is caracterized by passive stellar evolution. The rest-frame V −band luminosity was derived from the best-fit SED to the UV/optical/NIR photometric data; the mass within the Einstein radius is that measured directly from the SMA images. The light versus mass relation inferred for ID81 and ID130 (red dots) is consistent with that observed for the SLACS lenses [black dots, from (55) assuming an uncertainty of 0.025dex in their mass estimates].
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MAMBO observations
The five H-ATLAS/SDP lens candidates, i.e. ID9, ID11, ID17, ID81 and ID130, were ob- (Table S3 ).
Target observations from each period were interspersed with observations of calibration sources, quasars J0909+013 and J0825+031 (phase) and J0730-116 and J0854+201 (amplitude). The phase calibration targets were typically observed every 7 to 15 minutes, depending upon configuration (a faster cycle was used for the larger configurations).
Calibration of the complex visibility data was performed within the SMA's MIR package, a suite of IDL-based routines designed for use with SMA data. The initial opacity correction was obtained through application of system temperature to the raw visibility data, a standard practice. Further complex gain corrections, to remove both atmospheric and instrumental amplitude and phase variations, were measured using the calibration quasars, which appear as point sources to the interferometer. Calibration of the absolute flux density scale was performed using measurements of Titan, whose continuum and line structure is known to within about 5% at submillimeter/millimeter wavelengths.
The resulting calibrated visibility data for each source were combined and imaged within the NRAO Astronomical Image Processing System (AIPS). Photometry obtained for the SMA images along with those from PACS, SPIRE, MAMBO are given in table S1.
Plateau de Bure Interferometer observations
The The RF calibration was measured on 3C273, and amplitude and phase calibrations were made on 0906+015. The absolute flux calibration scales for ID81 and ID130 were established using as primary calibrator MWC349. Data reduction and calibration were made using the GILDAS software package in the standard antenna based mode.
Optical spectroscopic observations
Optical spectroscopic observations of ID11 and ID17 were made using the ISIS double-arm spectrograph on the 4.2-m William Herschel Telescope (WHT). The R158B and R158R gratings were used to provide wavelength coverage across the entire optical spectrum, split by a dichroic at ∼5300Å. Four 900-second exposures were taken of each source in a standard 'ABBA' pattern, nodding the telescope along the slit by 10 arcseconds between the first and second exposures, and back to the original position between the third and fourth integrations.
This allowed initial sky subtraction to be performed by simply subtracting the 'A' frames from the 'B' frames. Additional sky subtraction was performed by subtracting the median value of each row, and then the positive and negative beams were aligned and coadded. Wavelength calibration was performed using observations of arc lamps taken with the same set-up. A onedimensional spectrum was then optimally extracted. The spectra were taken through thin cloud and therefore no attempt has been made to flux-calibrate them. There was very little signal in the blue arms and so only the red-arm spectra are presented here. The redshifts of the two sources were determined by cross-correlation with template spectra. All reduction steps were undertaken using the IRAF package. The resulting spectra are shown in Fig. S3 . 
Modelling with GALFIT
GALFIT (5) is a publicly available two-dimensional non-linear fitting algorithm, which allows galaxy images to be modelled with one or multiple analytical light profiles. Each profile is constrained by a function and a set of parameters. GALFIT convolves the profiles with a user supplied point spread function, in this case empirical point spread functions constructed using nearby stars, and then performs a least-squares minimisation. No hard or soft constraints were applied to the fitting parameters to avoid any prior on the galaxy morphological type. For ID9
and ID11 single Sersic profiles resulted in a reduced χ 2 close to 1.0 (see table S4 for the best fit parameters). ID17 was fitted with two Sersic component, assuming two lensing galaxies.
The resulting Sersic indices were both less than 1 (see table S4 ). For ID81 and ID130 two components were necessary to achieve a satisfactory fit, with a clean residual. The best fits were obtained using a combination of a compact elliptical Sersic core plus an exponential disk.
No detectable background structure was revealed after subtracting the models, which shows the background galaxy is below the optical detection limit. To derive photometric upper limits, we performed random aperture photometry on the i-and g-band Keck maps, using a 1.5 arcsecond radius. This radius was chosen to correspond with the structure visible in the SMA images for ID81 and ID130, which extends to regions with radii of approximately 1−1.5 arcseconds. The resulting flux distributions were fitted with Gaussians and the 3−σ upper limits are presented in Table S4 .
Mass estimate from lensing
The Einstein radius of a strong galaxy-galaxy gravitational lens system can be measured from the configuration of multiple lensed images by averaging the distances of the images from the center of the lensing galaxy. For two of the H-ATLAS/SDP lens candidates, ID81 and ID130, the positions of the lensed images are constrained by high-resolution SMA follow-up imaging.
The lensed images of the background sources appear as peaks in the SMA signal-to-noise ratio map. Here we have selected those peaks with signal-to-noise ratio above eight, which pro- Once the Einstein radius is known, the mass within the Einstein ring can be easily derived assuming a Singular Isothermal Sphere (SIS) model (although the result is only little dependent on the model used) which is characterized by a projected surface density that falls off as θ −1 , where θ is the angular distance from the center of the mass distribution (8) ,
and Σ crit is the critical surface density:
In the equation above, c is the speed of light, G is the gravitational constant, D L and D S are the angular diameter distances to the lens and the source, respectively, while D LS is the angular diameter distance between the lens and the source. The error on the mass is obtained by propagating the errors on the Einstein radius and on the spectroscopic/photometric redshifts used to derived the angular diameter distances. The estimated values of θ E and M E are listed in Table 2 .
Gravitational lensing modeling
A detailed analysis of the lensed structure revealed by the SMA images is beyond the scope of this paper and is deferred to a forthcoming publication. However, in order to prove that such a structure is consistent with a lensing event, we have used the publicly available LENSMODEL software (9) to reproduce the positions of the peaks in the SMA maps. We have assumed a Singular Isothermal Ellipsoid (SIE) model (8) (Table S4 and Fig. S8 ).
For ID81, the mass distribution has ellipticity e = 0.24 and position angle θ = −3 deg, which is not consistent with that measured for the luminous component (Table S4 and Fig. S8 ). Besides, the position of the peaks is not well reproduced by the model. This may hint at the effect of an external shear (which we did not include) due to a nearby cluster (photometrically detected 3.6
arcminutes away), in the direction indicated by the arrow in Fig. S9 .
We have used the best-fit lens models to approximatively quantify the magnification experienced by a background source described by a Gaussian profile with a Full Width at Half Maximum (FWHM) in the range 0.1-0.3 ′′ . This extension is consistent with the physical size of the submillimeter galaxy studied by (10) . The inferred magnification is ∼18-31 for ID81 and ∼5-7
for ID130. An example of lensed image, after convolution with the SMA point spread function, for the case FWHM=0.2 ′′ is shown in Fig. S9 . Figure S 1 : CO line detections in ID81 and ID130. The figure shows the difference between the spectrum of ID81 and that of ID130, derived from Zpectrometer observations. The relative spectrum is normalized such that the peak line strength of ID81 is equal to 1. In both objects the peak is associated with the CO J=1-0 emission line (rest-frame frequency 115.27 GHz). Figure S 7: Decomposition of the best-fit models of the lens galaxies in ID17, ID81 and ID130. Top: ID17 shows two partially superimposed components, indicative of two distinct lens galaxies, each described by a relatively shallow Sersic profile. Middle: ID81 has one single lens galaxy whose light profile is reproduced by the sum of a Sersic profile and an exponential disk profile. Bottom: ID130 is similar to ID81, with the light profile being described by the superposition of a compact Sersic profile and an exponential disk profile. In both ID81 and ID130, the SMA contours (in red) are overlaid on the optical images, in steps of 6σ, 8σ, 10σ, etc. 
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